The degradation of diethylketone by Streptococcus equisimilis was evaluated. The toxicity of diethylketone was assessed evaluating the growth of the bacteria for the range of diethylketone concentration between 0 and 6.4 g L −1 . The maximum specific growth rate achieved is 0.555 h −1 at 3.2 g L −1 of initial diethylketone concentration, followed by a slight decrease, suggesting that higher concentrations of diethylketone negatively affect the growth. The biodegradation efficiency (%) obtained was approximately 95%, for all the initial concentrations tested. The kinetic parameters were estimated using Monod, Powell, Haldane and Loung models. The experimental data is well fitted by the Loung and Haldane models, R 2 = 0.98 for both, as compared to Monod model (R 2 = 0.79) and Powell model (R 2 = 0.72). Once the previous intrinsic functions were established, a set of assays was also performed to evaluate the biodegradation of diethylketone using concentrated biomass for initial diethylketone concentrations ranging from 0.8 to 3.9 g L −1 in a bioreactor operating in batch mode with recirculation. These concentrated biomass assays aimed the optimization of operational conditions. The removal percentages obtained were approximately 100%, for all the initial ketone concentrations tested and the biodegradation rate followed the pseudo-second order kinetics. The mechanism involved in the degradation of diethylketone by this microorganism is not completely understood, but an approach to the metabolic degradation pathway was established by the identification of the metabolites involved on the process.
Introduction
The increasing use of solvents in industrial activities and the more and more restrictive legislation on their discharge into the environment justify the need for new and cost-effective treatment of industrial wastewater. As almost all the solvents, diethylketone is dangerous to aquatic life in high concentrations. According to Tani and Hewitt (2009) the C4-C6 ketones are absorbed by plants leaves and can enter in the food chain of animals and humans with severe consequences. In this context, the identification of ketonedegrading microorganisms and the understanding of pre-requisites and of mechanistic pathways used to metabolize those compounds are imperative.
Biological treatments as biosorption, enzymatic degradation or others are, in general, less expensive than physicochemical methods for wastewater treatment (Das et al., 2014; Akar et al., 2013; Lin et al., 2013) . In the last years some works have been published using biosorbents to solve the problem of solvent spreading. The removal of diethylketone was studied by Quintelas et al. (2013) who used a combination of microorganisms and clays and by Costa et al. (2012) who used Arthrobacter viscosus to biodegrade this solvent. In fact, the main difference between the present report and those last two works is the use of a different bacterium (Streptococcus equisimilis) as free bacteria (in suspension).
The development of a technology applicable to the treatment of aqueous solutions with low concentrations of solvents is the aim of this work. In particular, the detailed kinetic study of the biodegradation of diethylketone is one of the focuses of this research. The information collected from the experimental studies was used for the calculation of growth kinetic constants with different models - Monod (1949) , Powell (1967) , Haldane (Andrews, 1968) and Luong (1986) . The kinetics of biodegradation was analyzed by zero order, pseudo-first order, pseudo-second order and threehalf order models. A new approach to the metabolic degradation http://dx.doi.org/10.1016/j.ecoleng.2014.05.009 0925-8574/© 2014 Elsevier B.V. All rights reserved. pathway and to the mechanism involved in the degradation of DEK by this microorganism is presented and the identification of the metabolites involved on the removal process is also presented. These important findings constitute an upgrade of the state of the art concerning the application of biosystems to the rehabilitation of contaminated waterbodies and an important contribution to the ecological engineering.
Materials and methods

Materials
Aqueous diethylketone solutions were prepared by diluting diethylketone (Acros Organics) in distilled water. The microorganism used on the degradation assays was S. equisimilis (CECT 926) from the Spanish Type Culture Collection -University of Valencia. The growth media was the Brain Heart Infusion CM0225 (BHI) from Oxoid.
Methods
Effect of diethylketone on the growth
The media prepared contained 37 g L −1 of BHI in distilled water. The pH was adjusted to 7.4. A reactor (750 mL) was filled with 500 mL of this medium and autoclaved. The reactor was then inoculated with a pure culture (initial biomass concentration circa 0.3 g L −1 ; 15 mL of inoculum) of S. equisimilis and a pre-determined amount of diethylketone was added (0-6.4 g L −1 ). The diethylketone concentrations were selected based on local typical values present in effluents containing solvents and based in previous studies (Costa et al., 2012) where concentrations up to 4.8 g L −1 were used. A control experiment without diethylketone was also performed. The reactor was equipped with a heating jacket to keep the temperature constant (37 • C). The agitation was implemented by medium recirculation and by a magnetic stirrer. At different time intervals, a sample was withdrawn and the optical density (OD) was measured at 620 nm (T60 UV-Visible Spectrophotometer, PG Instruments). The initial concentration of diethylketone was quantified using GC (Chrompack CP 9001) equipped with a flame ionization detector (FID) (Quintelas et al., 2011) . All the assays were done in duplicate and the results presented are an average of both assays. The relative standard deviation and relative error of the experimental measurements were less than 2% and 5%, respectively, for the assays in Sections 2.2.1 and 2.2.2.
The biodegradation efficiency (%) was calculated accordingly to:
C 0 and C are the initial and the instantaneous concentrations of the ketone.
2.2.2. Biodegradation S. equisimilis was grown for 24 h at 37 • C in 500 mL of a culture medium with the composition described in Section 2.1 and then 3 sets of 150 mL of this inoculated medium were transferred to 3 new culture media (1000 ml) and these cultures were grown for 48 h. Then, the biomass was centrifuged on a Sigma 4K15 centrifuge (RCF 7950) (20 min; 9000 rpm) and the biomass pellets were used to inoculate the reactors filled with a diethylketone solution (500 mL). The biomass concentration is, approximately, 6.0 g L −1 . The diethylketone concentrations used in these studies were on the range 0.8-3.9 g L −1 . Diethylketone was supplied as the only source of carbon and energy. The biomass concentration for this second set of assays was calculated using a calibration curve (optical density vs. biomass concentration) and the measurement of the dry weight.
At different time intervals, a sample was taken, centrifuged (MiniSpin, Eppendorf) at 13,400 rpm for 10 min, and the diethylketone concentration was determined in the supernatant by GC. During the analysis three main metabolites appear in the chromatograms and they were identified by comparison of the retention time of known pure compounds. The assays were conducted in duplicate, during circa 7 days and the results are an average of both assays.
Modelling of the growth and biodegradation kinetics
In the present study, the linear and nonlinear growth kinetic models were fitted by linear and nonlinear least squares methods using MATLAB software. The models used were Monod, Powell, Haldane and Loung, for growth kinetics and zero order, pseudo-first, pseudo-second and three-half order equations, for biodegradation kinetics and were well described in Costa et al. (2012) .
Results and discussion
In order to investigate the growth kinetics of S. equisimilis in the presence of the ketone, a number of growth experiments were performed in batch mode. The first set of experiments aimed to study the xenobiotic effect of diethylketone on the growth and to model this specific growth kinetics. The biomass was then concentrated and used in a second set of experiments for the analysis of the biodegradative skills of this bacterial species. These biodegradation assays led to the reduction of the diethylketone concentration and the kinetics of this process were also modelled.
Effect of diethylketone on the bacteria growth
The growth of S. equisimilis was analyzed in the presence and absence of diethylketone. The bacteria grew exponentially during 4 h in BHI medium and without diethylketone, with a specific growth rate of 0.43 h −1 . In order to examine the toxic effects of diethylketone on the growth, cells of Streptococcus were incubated in media containing diethylketone (1.6, 3.2 and 6.4 g L −1 ). Fig. 1(a) shows phases lag and log of the growth curves.
Usually the specific growth rate increases with an increase in substrate (diethylketone) concentration until a maximum value is reached. In this work, for concentrations higher than 3.2 g L −1 the specific growth rate started to decrease, indicating substrate inhibition of growth. According to Hasan et al. (2012) , this may be due to cell damage or disruption of membrane integrity at higher diethylketone concentrations. The results also show that the "acclimation time", lag phase, is longer for the highest concentrations. In terms of specific growth rate the difference is not so evident, as it decreases from 0.5546 to 0.4997 h −1 , although the lag phase duration increases from 5 to 11 h. These results also confirm the substrate inhibition of growth.
The biodegradation efficiency (%) (Eq. (1)) was calculated and a value of 95% was obtained for all the assays. In comparison with previous works (Costa et al., 2012) on the biodegradation of diethylketone with a different microorganism (A. viscosus), it is possible to conclude that S. equisimilis has a better performance. This microorganism is not so sensitive to the xenobiotic effect of diethylketone as it presents higher specific growth rates (ex: 0.5546 h −1 compared to 0.1737 h −1 for A. viscosus, with an initial diethylketone concentration of 3.2 g L −1 ) and this better growth allows better biodegradation efficiency, from 88% for A. viscosus, to 95% for S. equisimilis. 
Modelling of the growth kinetics of S. equisimilis in the presence of diethylketone
An understanding of the growth kinetics is very important for the design of a process for the treatment of hazardous wastewater. To calculate the specific growth rates, the biomass concentration was measured at several time intervals. A plot of Ln (concentration) versus t gives a straight line where (specific growth rate) is the slope (Fig. 1(b) ). The obtained values of specific growth rates are 0.4331, 0.3177, 0.5546 and 0.4997 h −1 , respectively for the initial diethylketone concentrations of 0, 1.6, 3.2 and 6.4 g L −1 . For the assays performed in the presence of diethylketone, the decrease verified on the specific growth rate for initial diethylketone concentrations higher than 3.2 g L −1 suggested inhibition by this ketone. Comparing again with the results obtained when using A. viscosus (Costa et al., 2012) , it was verified that S. equisimilis is less sensitive to the xenobiotic effect because this was only detected for diethylketone concentrations higher than 3.2 g L −1 against 1.6 g L −1 , detected for A. viscosus.
Various theoretical models such as Monod, Powell, Haldane and Luong kinetic models were used in this study and the growth kinetic parameters obtained for the different growth models as well as the comparison between experimental data and Powell model predicted data are presented in Table 1 . For the Monod model the values of m and K s were calculated from the plot of 1/ vs. 1/S. The values of m and K s obtained were 0.7525 h −1 and 2.004 g L −1 respectively. The value of K s obtained is much smaller than 3.2 g L −1 which confirms the inhibitory effect of diethylketone above this concentration. The obtained value of correlation coefficient (R 2 ) was 0.79 indicating that this model does not fit properly the data. Table 1 Growth models kinetic parameters, experimental and predicted values of specific the growth rate. The parameters obtained for Powell model were 0.6188 h −1 , 0.018 g L −1 and 24.64, respectively for m, K s and m (Table 1 ). The obtained value of correlation coefficient (R 2 ) was 0.72 which indicates that, as for Monod model, this model does not fit properly the data.
The bad fit obtained with these two models is not unexpected as these models do not consider the inhibition effect detected during the diethylketone biodegradation process. As for the Monod model, the value of K s obtained is smaller than 3.2 g L −1 , confirming the inhibition effect.
The parameters for Haldane and Loung models were calculated and are presented in Table 1 and the fit of both models to the experimental results and the predicted values of specific growth rate at different concentrations are listed in Table 1 and Fig. 1(c) . The parameters calculated for Haldane model were 171.7 h −1 , 696 g L −1 and 0.0285 g L −1 , respectively for m, K s and K I and for Loung model were 110.0 h −1 , 347.5 g L −1 , 63,799 g L −1 and 13,486, respectively for m, K s , S m and n. The value of correlation coefficient (R 2 = 0.98) showed that the present data are well fitted by the Haldane and Loung models, as it may be seen in Fig. 1(c) . In Table 1 it is evident that the predicted is closer to the exp for these two models than for Monod and Powell models, which proves that the inhibition models explain better the growth kinetics in the presence of diethylketone than the other models used.
Biodegradation assays
It is expected that high concentration of the biomass (small ratio solvent/biomass) may promote the biodegradation efficiency. The concentrated biomass was added to a diethylketone solution (only diethylketone diluted in water) to avoid any interference of other carbon sources. Fig. 2(a) represents the biodegradation efficiency as a function of time, for all the diethylketone concentrations tested. The biodegradation is fast on the first hours, after which it slows down until 100% efficiency is reached. This initial fast removal is explained by the availability of the biomass and the need of the biomass to consume carbon. After this period of time, the biodegradation efficiency slows down due the saturation of the biomass. In Fig. 2(b) , it is possible to analyze the relationship between the biomass concentration and the biodegradation efficiency, for the lowest and for the highest diethylketone concentrations used. An obvious conclusion is that the biomass grows slightly with the consumption of diethylketone and decreases as the diethylketone disappears. For the lowest solvent concentration the maximum of biomass concentration achieved is higher, 24 g L −1 against 14 g L −1 for the highest solvent concentration, probably due to the xenobiotic effect established for concentrations starting from 3.9 g L −1 onwards. As the carbon source is being depleted, the biomass decreases, for all the concentrations tested.
The process of biodegradation is very complex and could be a result of several factors as enzymatic degradation, binding by functional groups present on the cell walls of the bacteria or binding by bacterial extracellular polymeric substances (EPS).
Streptococcus species produces enzymes as serine proteinase, Nacetylglucosaminidase, cysteine proteinase, NAD-glycohydrolase, ADP-ribosyltransferase and arginine deiminase (Collin and Olsén, 2003) and carboxylases (Arioli et al., 2009) . Enzymes are well known to degrade hazardous organic compounds.
The main functional groups present on Streptoccoccus sp. surface are amide I and amide II, with absorption bands at 1653 and 1541 cm −l respectively, phosphate bands at 1237 cm −1 and carbohydrate bands at 1070 cm −l next to hydrocarbon absorption bands in the wavelength region between 3000 and 2800 cm −1 (Van der Mei et al., 1996) . Some of these groups are responsible for the adsorption of diethylketone or its degradation intermediates and contribute to the biotreatment.
The typical degradation pathway of diethylketone was well described by Nielsen and Allard (2009) and suggests the formation of intermediates. As happened for the degradation of diethylketone using A. viscosus (Costa et al., 2012) , some of these intermediates appear during the GC analysis of the aqueous solution after some hours of experiment. The presence of intermediates proves that the diethylketone is being degraded. The metabolites were identified as 2-pentanone, methyl-acetate and ethyl-acetate. These intermediates disappeared during the experiment meaning that they were also degraded by the concentrated biomass.
The presence and identification of the intermediates allowed an approach to the metabolic degradation pathway of diethylketone (DEK) by S. equisimilis. The presence of 2-pentanone only represents a change on the carbon atom where the ketone group is attached to, but the presence methyl-acetate and ethylacetate, both compounds with lower number of carbons than diethylketone, means that this last is suffering degradation. The diethylketone is degraded first as ethyl-acetate and in a second stage as methyl-acetate. As it was said, these metabolites were also consumed by the microorganism.
The removal percentages obtained with the concentrated biomass were around 100%, for all the assays. The concentrated biomass allows the improvement of the biodegradation efficiency from 95% to 100%. It is important to highlight that the use of diethylketone as carbon source with no addition of culture media allows a less expensive process.
Modelling of the removal kinetics of diethylketone by S. equisimilis
The kinetics of removal describes the rate of adsorbate uptake onto S. equisimilis and it controls the equilibrium time. The kinetic adsorption data were investigated to understand the dynamics of the adsorption process in terms of the order of the rate constant and this is very important for the process design and operation control of an upscale removal system. Zero order, pseudo-first order, pseudo-second order and three-half order kinetics were used to describe the removal of diethylketone by S. equisimilis. The constants for all models were evaluated and listed in Table 2 and the corresponding plots are shown as supplementary material in S1.
From Table 2 , it is possible to conclude that the best fit was obtained for the pseudo-second order model with correlation coefficient around 1. The constant K 2 decreases with the increase of the diethylketone concentration. According to Yahya et al. (2012) for processes that follow a pseudo second-order mechanism, the ratelimiting step may be chemical sorption involving valence forces through the sharing or exchange of electrons between sorbent and sorbate. In biodegradation processes usually a three-half-order kinetics model is used (Saravanan et al., 2009 ). This one is based on the first-order model with the introduction of an additional term to explain the biomass formation. Using this strategy, the correlation coefficient (R 2 ) obtained is lower, especially for the concentration of 0.8 g L −1 , than the obtained when using the pseudo-second order model. 
Conclusions
The results of this research showed the potential of pure bacterial cultures of S. equisimilis for biodegradation of diethylketone. Different growth kinetic models were applied to the data. The removal percentages obtained are very promising and show that this system could be applied to the treatment of wastewater contaminated with solvents. An important approach to the metabolic pathway of diethylketone by S. equisimilis was developed. Diethylketone is degraded to acetate species (methyl and ethyl) probably catalyzed by carboxylases.
